:Chronostratigraphy of the Transvaal Supergroup (based on Beukes et al., 2002; Dorland, 2004) . The age dates are from: 1, (Walraven and Martini, 1995) ; 2, (Martin et al., 1998) ; 3, (Sumner and Bowring, 1996) ; 4, (Pickard, 2003) ; 5, (Gutzmer and Beukes, 1998) ; 6, (Hannah et al., 2004) ; 7, (Cornell et al., 1996) ; 8, (Dorland, 2004) ; 9, (Cornell et al., 1998) ; 10, (Walraven, 1997) . 
Monteville
Fm. (Beukes, 1987; Sumner and Grotzinger, 2004) . A major transgression caused drowning of the platform (Beukes, 1987; Beukes et al., 1990) . The end of carbonate deposition is constrained by an age of 2,521±3Myr ( Fig. DR1 ; Sumner and Bowring, 1996) .
As a result of transgression, carbonates are overlain by deeper-marine shales and ultimately by open shelf banded iron formations (interval 3 in Fig. DR1 ). During subsequent regression, granular iron formations were deposited in epeiric sea, lagoonal and supratidal environments (Beukes, 1983 (Beukes, , 1984 . The transgressiveregressive sequence terminates with shelf and deltaic clastics, minor carbonates and iron formations of the Koegas Subgroup in the Griqualand-West basin ( Fig. DR1 ; Beukes, 1983 Beukes, , 1984 . In the Transvaal basin, iron formations pass conformably to Tongwane Formation shallow-water carbonates, which are likely equivalent to Koegas deposits (Swart, 1999) . Iron formations are poorly dated, and the beginning of iron deposition has been estimated at ~2,500 Myr. The only available age constraint for the top of interval 3 comes from the Koegas Subgroup (2,516±6Myr; Gutzmer and Beukes, 1998) . A basin wide unconformity developed after ~2,400 Myr ( Fig. DR1 ).
Rocks with an age of ~2,400 to ~2,250 Myr are only known from the Transvaal basin ( Fig. DR1) , where an intracratonic basin formed during interval 4. Chronostratigraphic constraints are given by an age date of 2,316±6Myr (Hannah et al., 2004) , and by correlation with global glaciogenic epochs (Bekker et al., 2001) . Interval 4 includes diamictites, shallow-marine carbonates, and deltaic to shelf siliciclastics (Coetzee et al., 2006) .
Another craton-wide unconformity developed after ~2,250 Gyr ( Fig. DR1 ). Basal units of the overlying interval 5 can be correlated across the craton: the Makganyene-
Boshoek diamictite (Polteau et al., 2006) , gradually passing up section to sedimentary-volcanic rocks, dated between 2,222±12 Myr and 2,238±36 Myr (Cornell et al., 1996) . A lateritic paleosoil profile developed craton-wide at the top of the volcanics (Beukes et al., 2002) . In Griqualand-West, the volcanics are conformably overlain by banded iron and manganese formations of the Hotazel Formation (Cairncross et al., 1997; Schneiderhan et al., 2006) . The Hotazel Formation in turn passes up section to the shallow-marine carbonates of the Mooidraai Formation (Bau et al., 1999) . These chemical sediments are not represented in the Transvaal basin ( Fig. DR1 and DR2 ).
The last phase of Transvaal deposition (interval 6) started ~2,200 Myr with continental red beds ( Fig. DR1 ; Beukes and Smit, 1987) . Red beds pass up section to intracratonic shallow-marine carbonates and siliciclastics (Button and Vos, 1977; Eriksson et al., 2002; Swart, 1999) . Carbonates have highly positive δ 13 C values, indicating deposition during the 2,220-2,060 Myr Lomagundi carbon isotope excursion (Karhu and Holland, 1996; Swart, 1999) . The Transvaal Supergroup is capped by a major angular unconformity, and overlain by volcanics in Griqualand
West (1,928±4 Myr; Cornell et al., 1998; van Niekerk, 2006) , and by the Bushveld intrusion in the Transvaal basin (2,061±2 Myr; Walraven, 1997) ( Fig. DR1 ). 
Stratigraphic unit,

Analytical Methods
The extraction of carbonate-associated sulfate involved a two-step procedure.
Up to 1500g of rock powder was repeatedly leached with 10% NaCl-solution, prior to dissolution with 6M HCl, liberating CAS. This was either first precipitated as barium sulfate and subsequently converted to silver sulfide (Ag 2 S) or directly reacted with Thode reagent (Thode et al., 1961) , liberating H 2 S that was captured as ZnS and subsequently converted to Ag 2 S. Chromium-reducible sulfur was extracted from the mineral residue and precipitated as Ag 2 S (Canfield et al., 1986) . Barium sulfate and silver sulfide precipitates from sulfides were measured for their δ 34 S values in Münster, Germany.
For multiple sulfur isotope analyses, silver sulfide was fluorinated to produce SF 6 (Johnston et al., 2005) . All multiple sulfur isotope measurements were performed at the University of Maryland.
The δ 34 S values are presented in the standard delta notation against V-CDT with an analytical reproducibility of ≤0.2‰ in both laboratories. 
Evaluation of data using non-steady state box models
We constructed a basic box model of the sulfur cycle in order to evaluate the transition from a non-mass dependent sulfur cycle to a sulfur cycle with higher oceanic sulfate concentrations and a strong influence of biological sulfate reduction (BSR). The structure of this model is given in Figure DR3 below. 
where t refers to time. We have initialized this model with an initial sulfate concentration of ~300 micromolar (~1% of present concentrations and solved to yield a 12 Myr residence time for sulfate -similar to that observed in the present-day oceans). At steady state, and assuming the first order rate constants that we have assumed, this condition is met when the source terms for sulfate (riverine) are 1% of present levels. We have then explored the response of the model to a tenfold increase in the flux of riverine sulfate with a mass-dependent isotopic composition.
We recognize that the sulfate sulfur produced by oxidative weathering immediately after the rise of oxygen, may have a mass-independent component, but we assume a mass-dependent composition for two reasons. The process of oxidative weathering will integrate the signal which will tend toward near zero values of Δ 33 S and Δ 36 S values of zero, and the rise of oxygen will also facilitate weathering of igneous, sulfide minerals which may have accumulated on the continents. The parameters used in this solution are given as: 
Incorporation of isotopes into the model
In order to explore the response of the model when isotopes are included we started with an initial isotopic composition for the oceanic pool of δ 34 S = 17‰, Δ 33 S = +2‰, and Δ 36 S = -1.6‰. This composition was chosen to be slightly more 34 S and 33 S enriched than the non mass-dependent Duitschland data. We note that this composition is different from that observed in older Archean sediments (Ono et al., 2003; Kaufman et al., 2007) . A composition like this might result in cases where the sulfate pool carries an isotopic signature of sulfate reduction.
We then note that a solution can be obtained by solving this system for each of the isotopes and noting that the equations for the different isotopes of sulfur can be coupled using the fractionation factors for BSR given by: 
where α is a fractionation factor and λ 3 and λ 6 are the exponents that relate the fractionation factors for the different isotopes. We couple the equations using a trace abundance approximation which assumes that K py applies for 32 S and that 34 α BSR * K py , 33 α BSR * K py , and 36 α BSR * K py apply for 34 S, 33 S, and 36 S, respectively. The model assigns a dependence between the fractionation factors and sulfate concentration that is empirically derived from data presented in Habicht et al. (2002) . Because of the dependence of the fractionation factor on concentration, we solved the model 
Comparison of model results with observations
Sulfur isotope compositions of carbonate-associated sulfate (CAS) and chromiumreducible sulfur (CRS) throughout the Transvaal Supergroup are presented in Figure   DR4 . Solutions to our model calculations are given in Figures DR5 and DR6 data and this is taken as an indication that the natural system is more complex than the model. The model also does not reproduce the scatter in the CRS data, the positive 34 S of many of the chrome reducible sulfur, and the strongly positive δ 34 S of one CAS Duitschland Formation sample. We suggest that these features indicate that a more complex scenario may be necessary to reproduce the data, possibly one with non-conservative behavior of sulfate in the oceanic sulfate pool (geographic variability) such as has been suggested before (Kaufman et al., 2007; Logan et al., 1995; Johnston et al., 2006) .
Insight from free parameters
While some of the constraints on the model were chosen to be consistent with independent criteria other constraints were chosen to fit the model to the data. These are considered to be free parameters and include the initial composition of the sulfate and the fraction of pyrite burial (assumed to be 90% of the total sink (K py /( K py + K hydr/ev )). The choice of these values may carry implications for evaluation of the Duitschland Formation S isotope record.
The initial composition of the sulfate pool chosen in the model has a positive rather than negative Δ 33 S values in contrast to previous suggestions (Farquhar et al.2000 (Farquhar et al. , 2003 . The positive Δ 33 S may be an important feature of the initial oxidation of emergent sulfide-bearing rocks, or it may represent some other process that remains to be identified.
The fraction of pyrite burial (90% of the total sulfate sink) is high. We think this value may imply that the model is too simple and that a more complex model is required. Based on our current understanding of modern aerobic respirer, we can take average values of k = 1.0E6 mol/g/sec KA = 1.0E-8 mol/liter Y = 15 g/mol D = 1.0E-7 1/sec. These values are based on laboratory measurements, not any assumptions.
Substituting these values into the equations and note that d[X]/dt > 0, we can calculate a minimum value required by aerobic microbes to evolve on Earth:
[O 2 ]min = 6.7E-11 mol/liter, which is about 8.8E-8 atm of O 2 .
If the constrains of electron donors, such as acetate and H 2 (two dominant substrates in the environment), are considered, the minimum value may increase about 10 to 100 fold, i.e., 10 -6 to 10 -5 atm. 
